It was recently demonstrated that the pathogen Brucella melitensis produces a polar sheathed flagellum under the control of the master regulator FtcR. However, the regulatory mechanism controlling the flagellar assembly remains unknown. In this work, we investigate the flagellar hierarchy of B. melitensis as well as the flagellin FliC regulation. We show that a mutation in fliF or flgE (coding for the basal body structure and the hook, respectively) does not affect FliC synthesis, suggesting that production of FliC does not depend on the flagellar assembly. We demonstrate that FlbT is a FliC activator since inactivation of flbT causes a decrease in fliC expression by using a fliC-lacZ translational reporter construct. Moreover, the quantitative realtime PCR and Western blot analysis show a marked decrease in fliC mRNA and FliC protein level, respectively. Conversely, the B. melitensis wild-type strain overexpressing flaF fails to produce FliC, suggesting an opposite function. Interestingly, the expression of the flbT gene in an ftcR or an flbT mutant restores FliC production, demonstrating that FlbT plays a regulatory checkpoint role in FliC synthesis. This mechanism could be conserved in the Rhizobiales since complementation of an flbT or an ftcR mutant with flbT from Sinorhizobium meliloti restores FliC synthesis.
INTRODUCTION
The intracellular pathogen Brucella melitensis is the causative agent of brucellosis in mammals, also known as Malta fever in humans. This intracellular pathogen belongs to the a-2 subgroup of proteobacteria, including the genera Agrobacterium, Rhizobium and Rickettsia, which also live in close association with a eukaryotic host (Batut et al., 2004; Ugalde, 1999) . For a long time, brucella was considered to be non-flagellated, but recent studies have demonstrated that B. melitensis produces a polar sheathed flagellum during the beginning of the exponential growth phase in rich medium and that the flagellar genes are required for the establishment of in vivo infection in mice and goats (Ferooz & Letesson, 2010; Fretin et al., 2005; Letesson et al., 2002; Zygmunt et al., 2006) .
The structure of the bacterial flagellum is classically divided into three main components: the MS-ring in the basal body, the hook and the filament encoded by the fliF, flgE and fliC genes, respectively. The molecular processes involved in assembly of the bacterial flagellum have been extensively studied in the enterobacteria Escherichia coli and Salmonella enterica serovar Typhimurium (Macnab, 1996) . In these organisms, the flagellar genes are divided into three different classes hierarchically controlled by a finely tuned mechanism (Chevance & Hughes, 2008; Frye et al., 2006; Kalir et al., 2001) . At the first step of flagellar assembly, the class I transcriptional regulator FlhDC activates the transcription of the class II genes which include the genes encoding the structural components of the hook-basal body (HBB) structure, the sigma factor 28 (s 28 also named FliA), which activates the class III genes, and its anti-sigma factor FlgM. Class III includes genes coding for the chemotaxis system and the structural components of the flagellar filament.
The flagellar filament is mainly composed of approximately 20 000 flagellin subunits, the assembly of which requires a large investment of energy (Macnab, 1996) . In order to avoid unnecessary synthesis of flagellin, bacteria have developed an elegant regulatory mechanism. Prior to completion of the HBB structure, s 28 is sequestered in the bacteria by FlgM in an inactive form (Chadsey & Hughes, 2001; Chilcott & Hughes, 2000) . After completion of the HBB structure, FlgM is secreted through the flagellar export apparatus into the extracellular milieu, allowing the release of s 28 in the bacteria to activate the transcription of the class III genes (Karlinsey et al., 2000) . Thus, the late flagellar genes, such as the flagellin filament gene, are transcribed only after the formation of HBB. However, this model could not be generalized to all bacteria, and differs in terms of regulators and hierarchy (Aldridge & Hughes, 2002; McCarter, 2006) .
The study of the flagellar hierarchy in the order Rhizobiales is at the very beginning. The flagellar system of Sinorhizobium meliloti is the most well-described in a three-tier hierarchical level controlled by the global transcriptional regulator VisNR and the two-component regulator Rem (Rotter et al., 2006; Sourjik et al., 2000) . Several flagellar proteins and regulators involved in the flagellar assembly and structure are specific to the Rhizobiales. Furthermore, the class II genes which encode basal body components like FliM, Orf38 (a potential basal body protein) and motor proteins (Mot), are divided into two subgroups: the class IIA (basal body and flagellar export) necessary for the transcription of class IV genes and the class IIB (Mot components of the proton channel). The chemotaxis operon (Sourjik et al., 1998) and flagellin genes (Scharf et al., 2001) belong to the class III genes and their expression requires class IIA but not class IIB gene products. Since class III gene expression is dependent on the completion of basal body structure and flagellar export, it was proposed that an unknown class II regulator acts on flagellin production by a control mechanism similar to the one described in enterobacteria (Rotter et al., 2006) .
In this paper, we describe a key mechanism controlling flagellin synthesis in B. melitensis and probably in the other members of order Rhizobiales. Indeed, the genes encoding the flagellar system share a high sequence similarity in Brucella strains and S. meliloti (Fretin et al., 2005) . Furthermore, we previously demonstrated that the flagellar genes of B. melitensis are controlled by the S. meliloti Rem homologue named FtcR (Léonard et al., 2007; Rotter et al., 2006) . In this report, we investigate the flagellar hierarchy of B. melitensis focusing on FliC regulation. The absence of FliC in an flbT mutant shows that FlbT plays a significant role in FliC production in B. melitensis. Moreover, the complementation of the ftcR mutant with flbT restored FliC expression, showing that FlbT acts as a regulatory checkpoint of FliC production in the flagellar cascade hierarchy of Brucella. FlaF could counteract this effect, since overexpression of flaF inhibits FliC synthesis in the wild-type strain. Interestingly, the expression of flbT of S. meliloti is also able to restore FliC production in Brucella flagellar mutants and suggests that the role of FlbT is conserved within the order Rhizobiales.
METHODS
Bacterial strains and culture conditions. All strains and plasmids used in this study are listed in Table 1 and primers in Table 2 . B. melitensis strains used in this study were derived from B. melitensis 16M Nal r (spontaneous nalidixic-acid-resistant mutant selected from B. melitensis 16M, received from A. Macmillan, Central Veterinary Laboratory, Weybridge, UK). Bacterial growth was measured by reading OD 600 . Growth curves of B. melitensis 16M and isogenic mutants were determined from a late-exponential overnight culture obtained in liquid 2YT medium (1 % yeast extract, 1.6 % peptone, 0.5 % NaCl). B. melitensis 16M strains were grown with shaking at 37 uC in 2YT medium containing appropriate antibiotics from an initial culture with OD 600 0.05. Caulobacter crescentus CB15N was grown in peptone-yeast extract (PYE complex media) at 30 uC. S. meliloti RU11/001 was grown in TYC [0.5 % tryptone, 0.3 % yeast extract, 0.13 % CaCl 2 6H 2 O (pH 7.0)] at 30 uC for 2 days. E. coli strains were grown at 37 uC in Luria-Bertani (LB) broth (Sambrook et al., 1989) . Antibiotics were used at the following final concentrations: 100 mg ampicillin ml 21 ; 20 mg chloramphenicol ml 21 ; 50 mg kanamycin ml 21 and 10 mg kanamycin ml 21 for the first mutant selection; 25 mg nalidixic acid ml 21 . DNA was transferred into B. melitensis by conjugation using E. coli S17-1 strain harbouring the mobilization plasmid RP4. E. coli DH10B was used for the propagation of the plasmids used in this study.
Construction of the flagellar mutants. DNA manipulations were performed according to standard techniques (Ausubel et al., 1991) . B. melitensis 16M mutants were obtained by allelic replacement. Briefly, to obtain the fliF, flgE, fliC and flbT mutant strains (DfliF, DflgE, DfliC and DflbT), upstream and downstream regions flanking fliF, flgE, fliC and flbT genes were amplified by PCR from B. melitensis 16M Nal r genomic DNA using the primer pairs listed in Table 2 . A second PCR was used to ligate the two PCR products by cohesive ends. The PCR products (fliF, flgE, fliC and flbT upstream/downstream) were inserted into the NotI site of pSKoriTcat to generate the vectors pJF001, pJF002, pJF003 and pJF004 listed in Table 1 . A non-polar deletion cassette, called aphA4 and constructed based on the aphA3 cassette (Dozot et al., 2006; Ménard et al., 1993) , was excised from pUC4aphA4 with BamHI, and subsequently cloned into the BglII site of pSKoriTcat-Dgene to generate plasmid pSKoriTcat-Dgene : : aphA4. This final construction was transformed into E. coli strain S17-1, and introduced into B. melitensis 16M Nal r strain by conjugation. Clones for which a double recombination event occurred (Cm s , Kan r ) were selected. Gene replacement was confirmed by PCR using the fliF, flgE, fliC and flbT primers.
Plasmid construction. Recombinant DNA techniques were carried out using standard protocols (Ausubel et al., 1991) . Derivatives of the replicative plasmids pRH001 (Dozot et al., 2006; Haine et al., 2005; Hallez et al., 2007) harbouring flbT from B. melitensis, S. meliloti and C. crescentus, and flaF from B. melitensis, were constructed by using the Gateway technique (Invitrogen) as described previously (Dricot et al., 2004) . The destination vector pRH001 harbours a chloramphenicol resistance (cat) marker and the toxic cassette ccdB. Briefly, flbT predicted coding sequences were amplified by PCR from S. meliloti and C. crescentus genomic DNA and tailed with attB1 and attB2 sequences. The product was cloned by BP reaction (recombination reaction using BP clonase enzyme mix) into the pDONR201 vector (Invitrogen), generating the vectors pJF102 and pJF103. All pDONR constructs were verified by sequencing the insert. The pDONR201 vectors containing the flbT or flaF genes of B. melitensis 16M come from the B. melitensis ORFeome (Dricot et al., 2004) . The flbT and flaF genes were transferred by LR reaction (recombination reaction using LR clonase enzyme mix) from the pDONR vector containing flaF or flbT (Bm23_C07 and Bm24_F07, respectively, in our database) into pRH001 under the control of the plac promoter, generating the vectors pJF101 and pJF104. In the construction of plasmid pJF011, the lacZ coding region with a deletion in its first 26 nt was cloned into pBBR1MCS, as described previously (Fretin et al., 2005) . A region of 686 bp containing the fliC promoter (including the first 53 bp of the fliC ORF) was amplified from B. melitensis 16M Nal r genomic DNA with the primers containing the XbaI and BamHI restriction sites. The PCR products were first subcloned into pGEM-T Easy Vector (Promega) and then inserted in-frame upstream of the promoterless lacZ reporter gene into pBBR1MCS to generate the plasmid pJF011.
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On: Thu, 27 Jun 2019 07:36:16 b-Galactosidase assays. b-Galactosidase assays were performed using the protocol described by Miller (1972) as described previously (Fretin et al., 2005) .
Detection of FlgE and FliC proteins by Western blot analysis.
SDS-PAGE and immunoblotting were performed as described previously (Léonard et al., 2007) . Briefly, B. melitensis cultures were taken at various times during culture at 37 uC in 2YT broth until they reached the appropriate growth phase. Samples of bacterial culture were inactivated for 1 h at 80 uC and standardized according to OD 600 readings. Total bacterial samples were pelleted and resuspended in SDS sample buffer. The proteins were resolved on a 12 % polyacrylamide gel and transferred to Hybond ECL nitrocellulose membranes (Amersham). The immunodetection of proteins was performed using anti-FliC or anti-FlgE rabbit polyclonal antibodies at dilutions of 1 : 3000 and 1 : 5000, respectively (Fretin et al., 2005) . The detection of primary antibodies was performed using donkey anti-rabbit (Amersham) horseradish-peroxidase-conjugated secondary antibodies as appropriate, and visualized by using the ECL system (Amersham). The measured molecular masses of FlgE and FliC are 41 and 29 kDa, respectively. Films were scanned using a Canon CanoScan 3200F and images were analysed using the GIMP 2.6.1 software. The FlgE and FliC polyclonal antisera cross-reacted with a protein that was used as an internal control for equal protein loading.
RNA preparation. Total RNA was extracted from B. melitensis 16M and the isogenic DflbT and DfliC mutants (all cultured in triplicate) as follows: 45 ml culture was centrifuged at 3500 r.p.m. (Thermo Electron rotor AB50.10A; 1500 g) for 15 min. Bacterial pellets were resuspended in 100 ml 10 % SDS and 20 ml proteinase K (20 mg ml 21 ) and incubated at 37 uC with shaking for 1 h. Five millilitres of TRIzol reagent (Invitrogen) was added and suspensions were vigorously shaken. After 10 min incubation at 65 uC, 1 ml chloroform was added to the suspensions and the mixtures were shaken and incubated at room temperature for 5-10 min. Samples were centrifuged at 14 000 r.p.m. for 15 min at 4 uC. Then, an equal volume of 70 % ethanol was added to the aqueous phase and mixed by vortexing. The sample was transferred to the RNA spin cartridge (Invitrogen) and centrifuged at 12 000 g for 15 s at room temperature. The RNA spin cartridge was washed with buffers I and II supplied with the kit. RNA was eluted from the RNA spin cartridge with 100 ml RNase-free water and stored at 280 uC. The integrity of the RNA and the absence of DNA were checked by gel electrophoresis. RNA quantity was measured by using a NanoDrop spectrophotometer (ND-1000, Thermo Fisher Scientific).
Quantitative real-time RT-PCR (qRT-PCR). RNA samples were treated for DNA digestion with DNase I (Fermentas) and reversetranscription was performed with a transcriptor first strand cDNA synthesis kit (Roche). Complementary DNA (cDNA) samples were used as template in real-time PCRs. Primers were designed with PrimerExpress 2.0 (Applied Biosystems; sequences are listed in Table  2 ). PCR products ranged from 80 to 100 bp. Real-time PCRs were performed with SYBR Green mix (Applied Biosystems) in 96-well optical reaction plates (Applied Biosystems). Relative quantification using a standard curve method was performed for each set of primers in an Applied Biosystems 7900HT real-time PCR instrument (absolute quantification method). Results for each target mRNA were normalized to BMEI0861 mRNA and averaged as described previously (Uzureau et al., 2010) .
RESULTS
Mutation in fliF, flgE or fliC does not affect flagellar expression in B. melitensis
To study the regulatory cascade controlling the synthesis of the structural flagellar proteins of B. melitensis, we examined the effects of fliF, flgE and fliC mutations on the synthesis of FlgE and FliC proteins by Western blot analysis. Non-polar deletions were introduced into fliF, flgE and fliC of B. melitensis 16M; an ftcR mutant was used as a control (Léonard et al., 2007) . FtcR is the flagellar master regulator in B. melitensis and, as previously shown, the ftcR mutant did not produce any detectable FlgE and FliC proteins, which confirms that the flagellar assembly is turned off in the absence of FtcR (Fig. 1) . Surprisingly, mutation of fliF and flgE did not alter the synthesis of flagellar proteins. Indeed, the Western blot analysis indicated that both FlgE and FliC were synthesized in the fliF mutant at levels equivalent to those observed for the wild-type strain (Fig. 1) . Similarly, deletion of flgE had no effect on FliC production (Fig. 1 ). This suggests that the genes encoding the structural proteins of the flagellum are 
AGTTGCGCTACGAAGATGTCA CAATGGTGCGGTCGAAA *The 'X' sequence (59-AATTCCCCCGGGGAGATCTCC) and 'Y' sequence (59-GGAGATCTCCCCGGGGGAATT) were added to the forward and reverse primer sequences, respectively. The underlined sequences are the BglII restriction site. DThe underlined sequences in the forward and reverse primers are the XbaI and BamHI restriction sites, respectively. dThe attB1 and attB2 sites were added to the forward and reverse primer sequences, respectively. These attB sites allow a BP recombination reaction between the PCR products and the pDonR201 vector. The sequences of the attB1 and attB2 sites, provided by Invitrogen, are 59-GGGGACAAGTTTGTACAAAAAAGCAGGC-39 and 59-GGGGACCACTTTGTACAAGAAAGCTGGGCA-39, respectively.
not involved in the regulation of the flagellar assembly in B. melitensis.
flbT is required for the synthesis of FliC in B. melitensis
In bacteria, the synthesis of flagellin is generally controlled by a regulatory mechanism in order to avoid an unnecessary production of flagellin before the completion of the HBB structure. For example, this role is played by FliA in Salmonella enterica serovar Typhimurium and FlbT in C. crescentus. As with C. crescentus, there is no fliA homologue in the genome of B. melitensis. However, flbT is conserved among the alphaproteobacteria, especially in the genus Rhizobiales ( Supplementary Fig. S1 , available with the online version of this paper). A putative flbT homologue is encoded by BMEII0163, a 459 nt sequence flanked by genes encoding the FlaF flagellin regulator (BMEII0162) and the flagellar basal body rod modification protein FlgD (BMEII0164) (Supplementary Fig. S2 ). B. melitensis FlbT shares 31 % sequence identity with FlbT of C. crescentus and 58 % sequence identity with FlbT of S. meliloti. To investigate the potential regulatory function of B. melitensis FlbT, we generated an flbT deletion mutant.
Since the flagellum of B. melitensis is produced only during early exponential phase in rich liquid medium (Ferooz & Letesson, 2010; Fretin et al., 2005) , B. melitensis wild-type strain and flbT mutant samples were taken during early exponential phase and a Western blot analysis was performed to detect FliC synthesis (Fig. 2a) . Although it was present in the wild-type, FliC was undetectable in the flbT mutant. Complementation of the flbT mutant with the plasmid pJF101 carrying the flbT gene restored the level of FliC close to the wild-type level and demonstrates that FlbT is required for the synthesis of FliC (Fig. 2a) .
To determine whether FlbT is a checkpoint regulator acting between the hook completion and the filament assembly, we also analysed the effect of the flbT mutation on FlgE synthesis (Fig. 2b) . FlgE synthesis is not reduced in the flbT mutant and, in fact, appears to be slightly higher in the flbT mutant than in the wild-type strain. Using qRT-PCR, we observed an increase in the amount of flgE mRNA in the flbT mutant compared with the wild-type, suggesting repression of flgE transcription (Fig. 2c) . After the early exponential growth phase, we could not detect FlgE or FliC proteins in either the wild-type or the flbT mutant (data not shown).
To investigate the effect of mutating flbT on fliC expression, we used a fliC-lacZ translational fusion and measured b-galactosidase activity (Fig. 2d) . The translational lacZ reporter fusion was introduced in trans into the flbT mutant and the wild-type strain. The bgalactosidase activity was notably reduced in the flbT mutant compared with the wild-type (Fig. 2d) . This reduction in b-galactosidase was associated with drastically lower levels of fliC mRNA in the flbT mutant (Fig. 2e) . Altogether, these data clearly demonstrate that FlbT is required for fliC expression and FliC synthesis.
Like FlbT, FlaF is also conserved among the alphaproteobacteria and is generally located upstream of flbT (Bahlawane et al., 2008; Belas et al., 2009; Kanbe et al., 2007; Llewellyn et al., 2005) ( Supplementary Fig. S3 , available with the online version of this paper). The flaF gene of B. melitensis is a small gene of 345 nt located just upstream of and cotranscribed with flbT (see Supplementary Fig. S1 ). Because it was suggested that FlbT and FlaF activities oppose one another in C. crescentus, we hypothesized that FlaF has an antagonist function and represses FliC synthesis (Llewellyn et al., 2005) . To investigate whether an antagonist function is conserved in B. melitensis, the flaF gene was introduced under the constitutive lac promoter contained on plasmid pRH001. Western blot analysis showed that FliC was not synthesized in the wild-type strain expressing FlaF constitutively (Fig. 3a) . These data are consistent with the hypothesis that FlbT and FlaF activities also oppose one another in B. melitensis. By using qRT-PCR we measured flaF mRNA in fliC and flbT mutants during early exponential growth in rich liquid medium (Fig. 3b) . Compared with the wild-type strain, there was a 20-fold increase in flaF mRNA in the flbT mutant. However, the mutation of fliC does not affect flaF, suggesting that FlaF regulation is not modulated by FliC. FliC production is impeded. Thus, the absence of FliC in the ftcR mutant could be the consequence of the nonexpression of flbT.
To confirm this hypothesis, we complemented the ftcR deletion mutant with plasmid pJF101 carrying flbT from B. melitensis. The natural flbT promoter is deleted in this plasmid and the flbT gene is constitutively expressed from the lac promoter, bypassing the native FtcR control. We analysed FliC production by Western blot (Fig. 4a ). Samples were taken throughout exponential and stationary phase growth in rich liquid medium. Our data reveal that FliC production is restored by the constitutive expression of flbT in the ftcR mutant. Moreover, the constitutive expression of flbT in the wild-type strain extends FliC synthesis into stationary phase growth (Fig. 4b) .
These results are consistent with an indirect role for FtcR in the control of FliC regulation as well as a checkpoint function of FlbT. Western blot analysis of FliC (a) and FlgE (b) production in wild-type B. melitensis 16M (WT) and the flbT mutant (DflbT). We used a sample of the flgE (DflgE) and fliC (DfliC) mutant as negative control, and the flbT mutant was also complemented with the plasmid pJF101 expressing flbT (DflbTc). Strains were grown in rich liquid medium, and extracts were prepared from samples harvested at early exponential phase of growth. (c, e) Quantification of flgE (c) and fliC (e) mRNA levels. A qRT-PCR was performed on flgE and fliC mRNA in wild-type B. melitensis strain (WT) and flbT mutant (DflbT). Relative levels of expression (y-axis) are expressed in comparison with the wild-type strain (WT), which was assigned a value of 1. B. melitensis strains were grown in rich liquid medium at 37 6C, and RNA was collected at OD 600 0. 
The function of FlbT is conserved in members of the order Rhizobiales
FlbT homologues are well-distributed among the alphaproteobacteria, including the free-living bacterium C. crescentus, the plant symbiont bacterium S. meliloti and B. melitensis (Belas et al., 2009; Hoang et al., 2008; Kanbe et al., 2007; Llewellyn et al., 2005 ; Supplementary Fig. S1 ). Although FlbT function has only been studied in C. crescentus (Anderson & Newton, 1997; Mangan et al., 1999) , flbT expression was also recently reported in S. meliloti (Hellweg et al., 2009; Hoang et al., 2008) .
To determine whether the regulatory function of FlbT is conserved among the alphaproteobacteria, we complemented the B. melitensis flbT mutant with flbT from C. crescentus or from S. meliloti. The flbT gene from S. meliloti or C. crescentus was cloned into pRH001 to generate vectors pJF102 and pJF103, respectively, both expressing flbT constitutively under the control of the E. coli lac promoter (Table 1) (Hallez et al., 2007) .
Cell extracts of the B. melitensis flbT mutant complemented with the different flbT alleles were harvested during early exponential growth and a Western blot was performed with a polyclonal anti-FliC antibody to detect FliC synthesis. Heterologous expression of flbT from S. meliloti completely restored FliC synthesis to the flbT mutant (Fig. 4c) . This is the first experimental result showing that the regulation of the flagellar system of the mammalian pathogen B. melitensis could be functionally restored by the flagellar regulator of the plant symbiont S. meliloti. However, heterologous expression of FlbT from C. crescentus failed to restore FliC synthesis. We also introduced these plasmids into the ftcR mutant (Fig. 4d) . As expected, FliC synthesis was restored in the ftcR mutant complemented with flbT from S. meliloti, but not by flbT from C. crescentus (Fig.  4d) . Therefore, these data highlight the functional similarity between the S. meliloti and B. melitensis flagellar systems, supporting a conserved flagellin regulation mechanism in the order Rhizobiales.
DISCUSSION
The synthesis of the bacterial flagellum is a complex process tightly controlled by a transcriptional hierarchy which ensures that genes encoding the filament subunit proteins are not expressed until completion of the HBB structure (Kutsukake et al., 1990) . The well understood three tier hierarchy of Salmonella enterica serovar Typhimurium and E. coli constitute the enterobacterial paradigm of flagellar regulation. Over the last decade, studies on the flagellar systems in other bacteria have shown that this hierarchical paradigm cannot be generalized throughout the entire bacterial kingdom (McCarter, 2006; Soutourina & Bertin, 2003) . With the description of these new regulatory mechanisms, the flagellar regulation system has become more complex than previously thought (Aldridge & Hughes, 2002; Brown et al., 2008; Chevance & Hughes, 2008) .
Although B. melitensis has been described as having no flagella since its discovery in 1887, our laboratory recently showed that this bacterium is able to produce a flagellum (Ferooz & Letesson, 2010; Fretin et al., 2005) . Three transcriptional regulators controlling flagellar gene expression have been identified. FtcR is the flagellar master regulator and directly activates fliF expression (Léonard et al., 2007) . In addition, the two LuxR transcriptional regulators BlxR and VjbR are also involved in the activation of the flagellar system Rambow-Larsen et al., 2008) . However, the control of the flagellar assembly after the 'switching-on step' has yet to be investigated.
In this paper, we first explored the flagellar hierarchy by studying the effect of a mutation in the fliF, flgE and fliC genes (encoding the MS-ring, the hook and the filament, respectively) on FliC production. Inactivation of one of these structural genes does not alter the expression of other genes, which is inconsistent with a hierarchical model of regulation dependent on the flagellar assembly state. In a non-hierarchical model, FtcR would control the expression of all flagellar genes and the entire flagellar system would be in either 'ON' or 'OFF' state. However, FliC is the most abundant protein in the flagellar complex and the introduction of a regulatory checkpoint controlling FliC synthesis would allow B. melitensis to ensure that FliC monomers are not produced before completion of the HBB structure.
Our data strongly suggest that FlbT (and probably FlaF) control FliC production in B. melitensis. Inactivation of flbT impaired FliC synthesis, which was restored by complementation with flbT in trans. Furthermore, compared with the wild-type strain, fliC mRNA levels drastically decreased in the flbT mutant and the bgalactosidase activity of a fliC-lacZ translational fusion in a flbT mutant decreased up to 4.2-fold. Conversely, the constitutive expression of flaF in the B. melitensis wild-type strain impedes FliC synthesis, suggesting that flagellin expression in Brucella is probably repressed by FlaF. Interestingly, the 20-fold increase of flaF mRNA in the flbT mutant suggests that a possible complex regulatory interplay exists between FlaF and FlbT. Eventually, the ftcR mutant failed to produce FliC, but flbT complementation strongly restores FliC production, consistent with a model where FtcR controls FliC synthesis via the FlbT/FlaF regulatory checkpoint.
It is reasonable to assume that the checkpoint control may occur as a switch system between hook completion and filament elongation. Our observations demonstrate that the ability to synthesize FlgE is not altered in the flbT mutant, which can be consistent with a specific regulation of FliC. On the contrary, both FlgE protein and flgE mRNA levels appear to be higher in the flbT mutant compared with the wild-type strain. In Helicobacter pylori, mutation of fliK caused a drastic reduction in flagellin protein production and a significant increase in production of the hook protein FlgE (Ryan et al., 2005) , which is surprisingly similar to our observations of the flbT mutant, suggesting a possible coordination between FlbT and FliK in Brucella.
The 25-fold decrease of fliC mRNA in the flbT mutant of B. melitensis suggests that FlbT controls flagellin transcriptionally or post-transcriptionally. We proposed that FlbT binds to the 59 untranslated region (59UTR) of fliC mRNA and promotes FliC translation. Since a sequence exhibiting a good match to the consensus sequence for s
70
-dependent promoters is present in the fliC promoter (TTGACG-N 18 -TATAAT) we speculate that fliC transcription could be constitutive and the control of FliC production could occur at the mRNA level. In C. crescentus, FlbT destabilized the flagellin fljK transcript by binding to the 59UTR (Anderson & Gober, 2000) . In Salmonella enterica serovar Typhimurium, the 59UTR of the fliC transcript is needed for an efficient translation of fliC mRNA (Aldridge et al., 2006; Rosu et al., 2006) and the very end of the C terminus of FlgM appears to be involved in the regulation of fliC mRNA translation (Rosu et al., 2006) . In Helicobacter pylori, the post-transcriptional regulator HP0958 controls the flagellin FlaA synthesis by targeting flaA mRNA to the export apparatus and promoting flagellin translation and secretion (Douillard et al., 2008 (Douillard et al., , 2009 ). Since B. melitensis does not have an HP0958 or FlgM homologue, FlbT could play this role, as seen in C. crescentus.
Interestingly, the flbT and flaF genes are conserved across the alphaproteobacteria, especially in the Rhizobiales, suggesting that the regulatory mechanism highlighted in this work is conserved (see Supplementary Figs S1 and S3) . The flagellar systems in the mammalian pathogen B. melitensis and the plant symbiont S. meliloti are very similar in terms of genomic organization and protein sequence identity. FtcR is homologous to the Rem flagellar master regulator of S. meliloti (Léonard et al., 2007; Rotter et al., 2006) . FliC synthesis is restored in B. melitensis ftcR and flbT mutants by complementation with flbT, and we also showed that heterologous complementation of these mutants with flbT from S. meliloti restores the FliC production as well, suggesting an identical mechanism of flagellin regulation in these two species. The similarity of the system of regulation between flagellar systems may be restricted to the order Rhizobiales since we failed to demonstrate a heterologous complementation with flbT from C. crescentus to restore FliC production.
In conclusion, our results strongly support the hypothesis that FlbT is a flagellin activator, possibly controlled by a FlbT/FlaF regulatory checkpoint, itself activated by FtcR. The function of FlaF is more ambiguous but our results suggest that it inhibits FliC synthesis. Further study will be required to understand the exact mechanism by which both FlbT and FlaF coordinately control the production of FliC in B. melitensis.
